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ABSTRACT A generalizable 'H NMR technique is devel-
oped and used to monitor (3-D-glucose binding to glucose
transport sites on erythrocyte membranes. This technique
provides resolution of fl-D-glucose binding sites on opposite
sides of the membrane, thereby enabling study of recruitment
of transport sites from one side of the membrane to the other.
Cytochalasin B, which competitively and specifically inhibits
glucose binding to the inward-facing glucose transport site,
recruits all glucose transport sites on both sides of the mem-
brane to the inward-facing conformation. This result strongly
supports a one-site model in which a single transport site
alternates between distinct inward- and outward-facing con-
formations. The rate-limiting step in the transport process is
translocation of the transport site between the two conforma-
tions, since the (3-D-glucose binding and dissociation events at
both the inward- and outward-facing transport sites are shown
to be fast compared to the known turnover rate of the glucose
transport cycle. A model is presented for the transport ma-
chinery in which the glucose molecule binds in a cleft between
channel-forming transmembrane helices, and during the trans-
port event a sliding barrier moves past the transport site,
thereby exposing the site to the opposite solution compartment.
The erythrocyte membrane possesses a facilitated transport
system specific for D-glucose and certain other monosac-
charides. Recent biochemical studies have begun to reveal
the molecular nature of this transport system: the human
erythrocyte membrane contains approximately 300,000 inde-
pendent glucose transporters, and the sole constituent of
these transport units appears to be a 54-kDa polypeptide,
which is heterogeneously glycosylated and has been recon-
stituted with retention of glucose transport activity (refs. 1
and 2; reviewed in ref. 3; see also ref. 4). A variety of
evidence suggests that the monomer associates to form stable
dimers and perhaps tetramers in the membrane (3), although
the number of monomers constituting an independent trans-
port unit has not yet been determined. The gene for the
glucose transporter of human hepatocytes has been se-
quenced, and a structural comparison of the hepatocyte and
erythrocyte proteins indicates that the two proteins are highly
homologous or identical (1). Thus, a single glucose trans-
porter species could be a ubiquitous component of cells in
higher animals, making the glucose transporter an excellent
system in which to study the transport of small molecules
across biological membranes.
To develop a molecular picture of the events that occur
during glucose transport, it is necessary to (i) monitor the
behavior of both the inward- and outward-facing transport
sites during the transport cycle, (ii) determine the chemical
and kinetic equations that describe the transport cycle, and
(iii) investigate the structural change in the transport site that
occurs during the transport event. These fundamental ques-
tions can now be addressed by NMR techniques. The present
paper describes a 'H NMR study of glucose binding to the
transport sites on the erythrocyte glucose transporter. This
NMR approach reveals that (i) transport sites exist on both
surfaces of the erythrocyte membrane, (ii) these sites can all
be recruited to the intracellular surface by cytochalasin B,
and (iii) the rate-limiting step in the transport cycle is the
translocation of bound glucose across the membrane. On the
basis of these data, a model describing the binding and
transport of glucose is presented.
MATERIALS AND METHODS
Materials. Biochemicals were obtained from Calbio-
chem-Behring (}-D-glucose and L-glucose) and from Sigma
(cytochalasin B). Freshly outdated packed erythrocytes were
the kind gift of the Los Angeles Chapter of the American Red
Cross.
Preparation of NMR Samples. All procedures were carried
out at 0-40C. Leaky erythrocyte ghosts were prepared
exactly as previously described (5). Exchangeable protons
were depleted by three cycles of: (i) pelleting the membranes
(35,000 x g for 30 min), (ii) resuspension in 2H20 containing
5 mM phosphate, pH 8 (a mixture of NaH2PO4 and
Na2HPO4), and (iii) extensive swirling on a Vortex mixer to
completely resuspend the pellet. The three centrifugation
steps cause the bulk of the ghosts to collapse to form crushed
ghosts (6). When appropriate, these crushed ghosts were
used as noted; in all other cases the crushed ghosts were
sonicated as previously described (6). After the addition of
cytochalasin B to appropriate samples, the ghost suspensions
were transferred to 5-mm NMR tubes and kept on ice until
NMR analysis the same day. Except where otherwise indi-
cated, the samples contained approximately 12 mg of total
ghost protein per ml, as determined by the modified (7)
Lowry et al. protein assay (8). Samples compared in the same
figure were made from the same batch ofmembranes and thus
contained the same concentration of glucose transporter.
1H NMR. Spectra were obtained on a Bruker WM 500
spectrometer (1H resonance frequency = 500.13 MHz).
Spectral parameters were: 23°C, 16,384 data points, 900
pulse, and acquisition time 1.6 sec with a relaxation delay of
3.4 sec, and the unmodified free induction decay was directly
Fourier transformed. The number of scans was 16 for
standard spectra and 256 for nuclear Overhauser effect
(NOE) difference spectra. No settling of ghost membranes
occurs on this time scale.
Abbreviations: NOE, nuclear Overhauser effect; 83-H, proton, f-D-
glucose proton on carbon n.
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For measurements of the intramolecular NOE between the
13-D-glucose protons H2 and H4, the residual 'H2HO signal
was suppressed by using the Redfield specific four-pulse
sequence (9). The NOE was produced by saturating the
,( D-glucose H4 (pB-H4) proton with 0.002 mW of rf power,
while accumulating the NOE difference spectrum. Subse-
quently the area under the 8-H2 peak was gravimetrically
determined and compared to the area obtained for the same
peak in a non-NOE spectrum obtained under identical
conditions, thereby yielding the NOE in percentage.
Spin lattice relaxation times (T1) of fl-D-glucose protons
were measured by using the inversion-recovery pulse se-
quence. The 1800 pulse width was carefully measured for
each sample before beginning the pulse sequence. Data were
subjected to a nonlinear least-squares analysis to yield the
best-fit spin lattice relaxation rates (R1 = 1/T,). The sample
temperature during all NMR experiments was 23.0 ± 0.10C.
RESULTS
1H NMR Spectrum of D-Glucose. The D-glucose 1H NMR
spectrum is complicated by the presence of both a and p
isomers of D-glucose, which interconvert slowly on the NMR
time scale so that distinct resonances are observed. All of the
protons in the p-D-glucose 1H NMR spectrum have been
assigned by homonuclear decoupling and NOE experiments
at 500 MHz (Fig. 1). The spectrum of L-glucose is identical
(Fig. 2). Neither the D-glucose nor the L-glucose spectrum
contains contributions from hydroxyl protons, which are
rapidly exchanged for deuterons in 2H20 solutions.
Effect of Macromolecular Binding Sites on the NOE. The
NOE changes dramatically when a freely tumbling small
molecule in solution binds to a macromolecule (10); thus, the
NOE is potentially useful as an assay for macromolecular
binding sites. Consider, for example, two protons on a small
molecule ligand that lie near each other so that their magnetic
dipoles interact. When one proton is irradiated at its NMR
frequency, the NOE alters the intensity of the NMR reso-
nance due to the other proton by the factor 1 + fi (S).
f1(S) = (WO2-+W) Vs(Wo + 2W,1 + W2) yi [1]
where I and S are the observation and irradiation nuclei,
respectively; W2, W1I, and Wo are the double, single, and zero
quantum transition probabilities for the I, S spin pair (11); and
the numerator and denominator are separately averaged over
all environments experienced rapidly on theNMR time scale.
For a rapidly tumbling molecule in solution, the NOE reduces
to Vys/2yi = 0.5 for two protons. For a slowly tumbling
H20 H,4.
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FIG. 1. D-Glucose 1H NMR spectrum at 500 MHz. Shown is the
structure of the P isomer. In the a isomer, H, lies above the ring. The
indicated spectral assignments are deduced from homonuclear
decoupling and NOE experiments. D-Glucose = 175 mM; 23'C.
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FIG. 2. Effect of glucose transport sites on the glucose 1H NOE
difference spectrum. Shown is the 1H NOE difference spectrum
(upper trace) of the P-H2 proton obtained by irradiation of the P-H4
proton in the absence (a) or presence (b-d) of ghost membranes at
23'C (H28 = ,B-H2, etc.). Concentrations: 15 mM D-glucose (a-c) or
15 mM L-glucose (d); 83 ,uM cytochalasin B (c); ghost membranes
were 12 mg of total ghost protein per ml (b-d).
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molecule in a macromolecular binding site, Wo>> W2 and
W1u and the NOE reduces to - ysl yj = -1 for two protons.
To use this NOE binding effect to its full potential, a
relationship must be drawn between the observed NOE and
the concentration of bound ligand. When the exchange of
ligand between solution and a heterogeneous population of
binding sites is rapid on the NMR time scale, it can be shown
that
fe(S) = PF R) fI(S)F + ( ,R) f(S)Bj, [2]
where Px is the fraction of total ligand instantaneously found
in environment X; fi(S)x is the NOE of I in X, Rx is the
spin-lattice relaxation rate ofIinX [= C1(W0 + 2W11 + W2)xI;
R is the exchange-averaged spin-lattice relaxation rate ofI in
all Xs [= C1(W0 + 2W11 + W2)]; and the sum is over all classes
of binding sites. Thus, the observed NOE is a weighted
average of the NOE in the bound and free environments,
weighted according to the fractional spin-lattice relaxation in
each environment-i.e., the product of the fractional occu-
pancies and the intrinsic spin-lattice relaxation rates of each
environment. This expression becomes particularly simple
when the concentration of bound ligand is small relative to
the total ligand concentration. In this case, PF 1, PB << 1,
and R RF SO that Eq. 2 can be written:
fM(S) = fI(S)F + S)B R ) [1]B [3]
where PB has been explicitly given as the fraction of thetotal I
spin population that is instantaneously found in thejth class of
binding site. Thus, under appropriate conditions the NOE
observed for the total population of ligand molecules is linearly
related to the concentration of bound ligand ([LB.] =
constant [IB.]); also, the contributions of different binding sites
are additive. These features suggest that the observed NOE can
be used as a straightforward assay for macromolecule binding
sites, as illustrated by the following observation of glucose
binding to sites on erythrocyte membranes.
Selection of Appropriate Nuclei for Observation of NOE.
Examination of the D-glucose 1H NMR spectrum (Fig. 1)
indicates that the H2 and H4 protons of (-D-glucose are an
appropriate pair for NOE experiments, since (i) the spin-
lattice relaxation rate of the (3-H2 resonance exhibits the
largest fractional increase when binding sites are added
(Table 1); (it) the 1H NMR resonances of P-H2 and 3-H4 are
well-resolved from the 1H2HO resonance and from each
other; and (iii) the (3-H2 and (-H4 protons are < 3 A apart.
Thus, the optimal experimental arrangement is to irradiate
3-H4 while observing the NOE induced in P-H2. This ar-
rangement immediately satisfies two of the three conditions
required for the use of the simplified linear NOE relationship
Table 1. Effect of glucose transport sites on the spin-lattice
relaxation rates of -D-glucose protons
Spin-lattice relaxation rate, sec' % of total
0 ,uM 83 ,uM relaxation due to
Proton cytochalasin B cytochalasin B transport sites
H2 0.21 0.18 14
H3 0.21 0.19 10
H4 0.21 0.18 14
H5 0.24 0.24 0
H6 0.35 0.37 -5
(Eq. 3): (i) for the (3-H2 proton, the increase in the spin-lattice
relaxation rate caused by glucose transport sites is significant
but is still only a small fraction (14%) of the total spin-lattice
relaxation rate of that proton (Table 1); and (ii) the total
concentration of glucose (15 mM) is large compared to the
concentration of glucose transport sites (12 ,uM). The third
condition, that glucose exchanges rapidly between the site
and solution, also is likely to be satisfied because the binding
of glucose to the transport sites is relatively weak (Kd = 5-50
mM, reviewed in ref. 4). Satisfaction of the rapid exchange
condition can be confirmed by observation of an effect of the
transport sites on the (-H2 NOE.
Effect of Glucose Binding Sites on the NOE. The (3-H2 NOE
does reveal a population of D-glucose binding sites on ghost
membranes: the -H2 NOE is positive for D-glucose in free
solution, but when ghosts are added, the NOE becomes
negative (Figs. 2 a and b and 3). The fact that the entire
D-glucose population exhibits this effect indicates that each
,B-D-glucose molecule in solution rapidly samples glucose
binding sites that give a negative NOE. Both the negative sign
and the linearity of the observed NOE are completely
consistent with the simplified expression for NOE in the
presence of rapidly exchanging sites (Eq. 3). An even more
rigorous test of this relationship is the magnitude of the
observed NOE. The simplified expression (Eq. 3) predicts
that binding sites that (i) give an intrinsic NOE = -1 for
bound glucose and (ii) contribute 14% to the total spin-lattice
relaxation rate of the observation nucleus (Table 1, (3-H2
proton) will cause a 14% decrease in the NOE of the
observation nucleus (Eq. 3). This predicted value is within
experimental error of the measured NOE, 21% (Fig. 4a) for
cytochalasin B-sensitive glucose binding sites.
Identification of Glucose Transport Sites. The contribution
of glucose transport sites to the observed binding site
population can be determined by using (i) cytochalasin B,
which competitively inhibits glucose binding to the transport
sites on the erythrocyte glucose transporter (12, 13) and (ii)
L-glucose, which does not bind to the transport sites (14, 15).
The characteristic inversion of the ,B-H2 NOE (Fig. 2 a and
b) caused by ghost membranes is lost in the presence of
saturating cytochalasin B (Figs. 2-4) and is also lost when the
(-H2 proton on L-glucose is observed rather than the (3-H2
proton on D-glucose (Figs. 2 and 4). In fact, such results
indicate that glucose transport sites are the only sites that
contribute significantly to the inversion. This follows from
the observation that inhibition of glucose binding to the
transport sites by cytochalasin B (Fig. 4a) or by use of
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FIG. 3. Dependence of the ,B-D-glucose H2 NOE on the concen-
tration of binding sites. D-Glucose was 15 mM: *, without ghost
membranes; o, with ghost membranes; c, with crushed ghost
membranes; A, with ghost membranes and 83 gM cytochalasin B; A,
with crushed ghost membranes and 83 ,uM cytochalasin B. Mea-
surements were at 230C.
H6 0.46 0.44 5
The concentration of transport sites was 10 uM (12 mg of total
ghost protein per ml); D-glucose was 15 mM. Replicate experiments
confirmed the given relaxation rates to within ±5%.
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FIG. 4. Effect of cytochalasin B on the glucose (3-H2 NOE. The
data are for 15mM D-glucose (a) or L-glucose (b) in the presence of
ghost membranes at 12 mg of total ghost protein per ml; 230C.
L-glucose instead of D-glucose (Fig. 4b) restores the P-H2
NOE to essentially the same value observed in the absence
of membranes (+5%, Fig. 3). Thus, the NOE experiment
enables sensitive and specific observation of glucose binding
to transport sites on the erythrocyte membrane.
Sidedness of the Transport Sites. The NOE assay for
glucose binding enables resolution of binding sites on oppo-
site sides of the membrane so that rigorous tests of models for
the transport cycle are possible. The sidedness resolution
stems from the requirement that the NOE inversion is
observed for a D-glucose population only when this popula-
tion rapidly samples both the binding sites and solution. It has
previously been shown by 35CI NMR that binding sites in the
internal compartment of ghost membranes are sampled more
slowly by the bulk solution chloride after the membranes are
crushed by centrifugation to form hemispherical structures
that have negligible internal volume (6). As a result the
contribution of inward-facing glucose transport sites to the
NOE inversion can be determined by quantitating the frac-
tion of the inversion that is lost when ghosts are crushed. The
results indicate that 25% of the observed NOE inversion
stems from inward-facing transport sites and that both
inward- and outward-facing transport sites are completely
inhibited by cytochalasin B (Fig. 3). At first glance this result
is surprising because each glucose transport unit is known to
possess only one cytochalasin B binding site, which compet-
itively and specifically inhibits glucose binding to the inward-
facing transport site (16, 17). The observed simultaneous
inhibition of both inward- and outward-facing transport sites
strongly disfavors models in which each transport unit has
two transport sites simultaneously exposed to opposite sides
of the membrane, since such models predict that cytochalasin
B should inhibit only the inward-facing site. Instead the
results strongly support a model in which the transport unit
has a single transport site that is alternately exposed to
opposite sides of the membrane, such that cytochalasin B can
inhibit all of the sites by recruiting them to the inhibited
inward-facing conformation.
Kinetics of Glucose Binding and Dissociation at the Trans-
port Site. The macroscopic process of glucose transport can
be dissected into at least three microscopic events: (i) binding
of substrate, (ii) translocation across the membrane, and (iii)
dissociation. An adequate picture of the transport process
must include knowledge of the rate-limiting microscopic
event. The present NOE inversion results indicate that
glucose in solution rapidly samples transport sites on both
sides of the membrane during the 1H NMR time scale; this
information can be used to calculate lower limits for the
glucose on- and off-rates at the transport site. The NMR time
scale in this experiment is -1 sec, and during this time each
glucose molecule visits many transport sites; therefore, there
are >>1 binding events per glucose molecule per sec.
However, there are 103 times more glucose molecules than
glucose transport units [glucose = 15 mM, transport unit =
12 AtM, assuming 300,000 transport units per ghost (18)], so
that the rates of binding and dissociation events at the
transport site are >>103 events per site per sec. In contrast,
the known turnover rates are slower both for the net transport
of glucose (300 molecules per site per sec) and for the
one-for-one exchange of two glucose molecules [2 x 103 pairs
of molecules per site per sec (reviewed in ref. 2)]. Thus, the
rate-limiting step in glucose transport is the translocation of
bound glucose across the membrane, rather than glucose
binding or dissociation at the transport site.
DISCUSSION
An acceptable model for the molecular mechanism of the
erythrocyte glucose transporter must explain a number of
experimental results. The present study strongly supports the
previous suggestion that the transport unit possesses a single
transport site that is alternately exposed to opposite sides of
the membrane (19), such that cytochalasin B binding recruits
all sites on both sides of the membrane to the inhibited
inward-facing conformation. Such a model accounts for both
types of transport catalyzed by this system. In net transport,
the unique transport site carries D-glucose in one direction
but returns empty, thereby yielding the net transport of a
single D-glucose molecule across the membrane. In equilib-
rium exchange, the transport site carries D-glucose in both
directions, thereby producing the one-for-one exchange of
two D-glucose molecules across the membrane. The rate-
limiting step for both types of transport is the translocation of
the transport site across the membrane, since the present
study shows that D-glucose binding and dissociation at the
transport sites on both surfaces of the membrane are rapid(>>103 events per site per sec) compared to the turnover
rates of net transport (3 x 102 events per site per sec) and
equilibrium exchange (2 x 103 events per site per sec,
reviewed in ref. 2). Finally, the D-glucose molecule appears
to retain a fixed orientation during the translocation process,
since D-glucose derivatives possessing a bulky substituent at
C-6 bind more tightly to the outward-facing transport site,
while the converse is true for bulky substituents at C-1 (20).
The present results are completely consistent with this model
for the glucose binding interaction: the spin-lattice relaxation
rates of the protons on C-2, 3, and 4 are more enhanced by
the presence of transport sites than are the rates of the
protons on C-5 and 6 (Table 1), suggesting that in the bound
state the former protons interact with spin diffusion pathways
in the transport site, while the latter protons are exposed to
the solution bordering the transport site.
The final advance in understanding the glucose transport
cycle will be the development of a molecular picture that
accurately describes the translocation of the transport site
across the membrane. It is now possible to propose a
a. D-Glucose
8-
/0
4-
o
4
-8
1 2
0
7 b. L-Glucose
6-
50 0
5-
43
3
3280 Biophysics: Wang et al.
-
- %J(-I
Proc. Natl. Acad. Sci. USA 83 (1986) 3281
Equilibrium exchange
(:~c D
FIG. 5. Equilibrium exchange and net transport of /3-D-glucose:
Kinetics and a model. Shown are the equilibrium exchange and net
transport cycles for an erythrocyte glucose transporter possessing a
single transport site that is alternately exposed to opposite sides of
the membrane. The indicated rates are events per transport site per
sec measured at 230C in the present work, or elsewhere (rates in
parentheses, reviewed in ref. 1). Also shown, at the top, is a
schematic representation of a model for the structure of a glucose
transporter monomer. The channel-forming a-helices surround a
sliding barrier, which is a helical plug connected to segments of
random coil. The sliding of the barrier past the occupied (upper path)
or empty (lower path) transport site is the rate-limiting step in both
equilibrium exchange (upper path) and net transport (circular path).
molecular model that is consistent with a variety of experi-
mental results. Consider, for example, the sliding-barrier
model (Fig. 5). This model proposes a transport unit con-
taining a channel surrounded by six or more transmembrane
a-helices: sufficient transmembrane a-helices appear to exist
for such a model, since the gene sequence of the hepatocyte
glucose transporter suggests the presence of 12 membrane-
spanning a-helices (1). Inside the channel is a sliding helical
barrier that prevents free diffusion through the channel. The
D-glucose molecule binds to a transport site in a cleft between
two of the channel-forming helices so that C-2, 3, and 4 lie
within the cleft, while C-1, 5, and 6 lie outside the cleft.
During the translocation event the sliding barrier migrates
from one side of the membrane, past the transport site, to the
other side of the membrane. This sliding mechanism can
explain the observation that equilibrium exchange is faster
than net transport, since binding of glucose between channel
helices could cause expansion of the channel, thereby allow-
ing the barrier to slide more easily when the transport site is
occupied than when empty. However, the sliding of the
barrier is always slower than D-glucose binding or dissocia-
tion, such that barrier sliding is the rate-limiting step in both
types of transport. The sliding-barrier model presented here
shares important features with a sliding hydrophobic barrier
model that has been proposed for the equilibrium exchange
of chloride by band 3, the anion transport protein of eryth-
rocyte membranes (21). Further work will be necessary to
ascertain whether sliding barriers or othertypes of molecular
machinery are universal components of transport proteins in
biological membranes.
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